The amount of excess polymerase and RNase H activity in human immunodeficiency virus type 1 virions was measured by using vectors that undergo a single round of replication. Vectors containing wild-type reverse transcriptase (RT), vectors encoding the D110E mutation to inactivate polymerase, and vectors encoding mutations D443A and E478Q to inactivate RNase H were constructed. 293 cells were cotransfected with different proportions of plasmids encoding these vectors to generate phenotypically mixed virions. The resulting viruses were used to infect human osteosarcoma cells, and the relative infectivity of the viruses was determined by measuring transduction of the murine cell surface marker CD24, which is encoded by the vectors. The results indicated that there is an excess of both polymerase and RNase H activities in virions. Viral replication was reduced to 42% of wild-type levels in virions with where half of the RT molecules were predicted to be catalytically active but dropped to 3% of wild-type levels when 25% of the RT molecules were active. However, reducing RNase H activity had a lesser effect on viral replication. As expected, based on previous work with murine leukemia virus, there was relatively inefficient virus replication when the RNase H and polymerase activities were encoded on separate vectors (D110E plus E478Q and D110E plus D443A). To determine how virus replication failed when polymerase and RNase H activities were reduced, reverse transcription intermediates were measured in vector-infected cells by using quantitative real-time PCR. The results indicated that using the D11OE mutation to reduce the amount of active polymerase reduced the number of reverse transcripts that were initiated and also reduced the amounts of products from the late stages of reverse transcription. If the E478Q mutation was used to reduce RNase H activity, the number of reverse transcripts that were initiated was reduced; there was also a strong effect on minus-strand transfer.
The viral enzyme reverse transcriptase (RT) converts the single-stranded genomic RNA found in retroviruses into double-stranded DNA. RT contains two enzymatic activities that collaborate in this conversion: a DNA polymerase that can copy either an RNA or a DNA template, and RNase H, which cleaves RNA if (and only if) it is part of an RNA-DNA hybrid (see references 6, 25, and 66 for reviews). Both the polymerase and RNase H activities are necessary for retroviral replication; mutations that block RNase H activity also block virus replication (47, 49, 56, 61) . RNase H activity is required during several steps of reverse transcription. RNase H degradation is required for the first-strand transfer reaction and generates the RNA primer for plus-strand DNA synthesis. RNase H also removes the RNA primers used to initiate plus-and minusstrand DNA synthesis (15, 18, 37, 38, 44-46, 51, 58, 62) .
Human immunodeficiency virus type 1 (HIV-1) RT is a heterodimeric protein; the two subunits are p66 and p51 (10) . The p66 subunit contains 560 amino acids, and the p51 subunit is composed of the same sequence as the first 440 amino acids of the p66 subunit. Based on the crystal structure, the polymerase domain of HIV-1 RT has been likened to a right hand composed of fingers, palm, thumb, and connection subdomains (31) . Although the folding within each of these subdomains is similar in the two subunits, the overall spatial arrangement of the subdomains differs between the subunits (27, 31) . The polymerase and RNase H activities of RT reside on the p66 subunit. A triad of aspartic acids residues (positions 110, 185, and 186) forms the polymerase active site that is located in the p66 palm subdomain (27, 31) . Although the p51 subunit contains the same three aspartic acid residues, the p51 subunit does not directly contribute to the polymerase activity of RT (33) . The RNase H domain is primarily derived from the 15-kDa segment that is present only in the p66 subunit; p51 lacks an RNase H domain (6) . Crystallographic data show that the RNase H active site is positioned approximately 17 nucleotides from the polymerase active site; this distance is supported by biochemical experiments (16, 19, 27, 43, 67) .
The HIV-1 RT RNase H domain and the Escherichia coli RNase H are related in structure and activity. The polypeptides chains share 24% sequence identity and fold into similar structures (29, 68) . There is a strict conservation of the amino acids that comprise the RNase H active site. The active-site amino acid residues D443, E478, D498, and D549 of HIV-1 RT correspond to amino acids D10, E48, D70, and D134 of E. coli RNase H (8, 25) . Mutations at any of these amino acids profoundly affect RNase H activity and block virus replication. The degradation of the viral RNA by RNase H is not sequence specific, and a range of different-size RNase H cleavage products are generated. However, the RNase H cleavages that generate the polypurine tract (ppt) primer and the cleavages that remove the tRNA and ppt primers are site specific. In HIV-1 replication, the ppt primer is completely removed and the tRNA primer is cleaved one nucleotide from the RNA/ DNA junction (44, 45, 52, 65) . The generation (and removal) of the ppt primer must be very specific to ensure the proper synthesis of the left end of unintegrated viral DNA; removal of the tRNA primer defines the right end of viral DNA.
Although RT can cleave an RNA template during polymerization, the enzyme's two activities (polymerization and RNase H cleavage) can function independently (9) . However, both the structure of RT and the biochemical behavior of wild-type and mutant enzymes show that while the two enzymatic activities of RT are not strictly coupled, the two domains (polymerase and RNase H) are interdependent in their interactions with nucleic acid substrates. The degree of interdependence of polymerase and RNase H domains is somewhat different for different RTs. In the case of murine leukemia virus (MLV) RT, the separately expressed RNase H and polymerase domains retain high levels of enzymatic activity (32, 34, 57) . However, with HIV-1 RT, the separately expressed domains have little activity. The lack of activity of the separate RNase H domain of HIV-1 RT appears to be due to weak binding of the substrate. When combined with a purified HIV-1 polymerase domain, the isolated HIV-1 RNase H domain regains activity (24, 53) . In addition, introducing a substrate-binding element from E. coli RNase H into the isolated RNase H domain of HIV-1 RT also restores enzymatic activity (30, 54) .
The polymerase and RNase H activities of MLV RT can complement inefficiently in vivo when present on separate RT molecules, demonstrating that the two enzymatic activities can act independently to successfully complete the synthesis of viral DNA (60) . Various MLV RNase H mutants were tested for the ability to complement RTs lacking polymerase activity. Some RNase H mutants failed to complement, suggesting that these RNase H mutations may also affect the polymerase activity of RT (60) . In support of this idea, some RNase H mutations of HIV-1 RT appear to affect the polymerase activity; mutations at position 478 have been reported to affect the in vitro polymerase activity of RT (12, 13, 40, 63) . This mutation did not affect the initiation of reverse transcription in vitro, suggesting that DNA synthesis was impaired at the level of elongation (26) .
Retroviral virions each contain approximately 50 to 100 molecules of RT. There are approximately 2,000 molecules of Gag in a virion (55; see also reference 6 for a review). The ratio of Gag to Gag-Pol is about 20 to 1 (21, 28, 41) . This means that there are about 100 Gag-Pol molecules per virion. For retroviruses, like HIV-1, in which the RT is a dimer, the number of RT molecules in a virion should be approximately 50. This is a relatively large number, and it is possible that there is an excess of polymerase activity, of RNase H activity, or of both. In support of this idea, HIV-2 RT has, in an in vitro assay, approximately 10% of the RNase H activity of HIV-1 RT (50). HIV-2 replicates reasonably well, which suggests the possibility that HIV-1 virions contain excess RNase H activity. In vitro, HIV-1 RT is not a strongly processive polymerase. HIV-1 RT dissociates from its primer-template frequently, suggesting that viral DNA is synthesized in relatively short segments. The relatively low processivity of RT might be the reason that there is a large number of RT molecules in a virion; a relatively large number of RT molecules may be required to complete viral DNA synthesis.
We performed phenotypic mixing experiments in which the virions contained different amounts of catalytically active and catalytically inactive RTs to determine whether there is an excess of either polymerase or RNase H activity in the virion. The D110E mutation was used to inactivate the polymerase; in parallel experiments, RNase H was inactivated using either the D443A or E478Q mutation. The ability of viruses containing different mixtures of active and inactive RTs to replicate was determined. In HIV-1 virions, there is a modest excess of polymerase activity; there is a greater excess of RNase H activity. The process of reverse transcription in vivo was monitored by real-time PCR. The analysis suggests that some RNase H mutations can interfere with polymerase activity in vivo. 
MATERIALS AND METHODS

Vector
E
Ϫ was digested with Asp718, then T4 DNA polymerase and dNTPs were used to fill in the overhangs, and the vector was ligated using T4 DNA ligase. The pKS cloning vector containing the SalI-to-BamHI fragment of pNL4-3HSAR Ϫ E Ϫ that lacked the Asp718 site was digested with SalI and BamHI, and the fragment containing the pNL-derived sequence missing the Asp718 site was cloned into pNL4-3HSAR Ϫ E Ϫ digested with SalI and BamHI, generating the vector pNL4-3⌬Asp718#3. This vector retains three of the Asp718 sites originally present in pNL4-3, but the site at position 6343 is destroyed. The Asp718 site at position 9006 was removed by digesting pNL4-3HSAR Ϫ E Ϫ with NsiI (removing bases 1247 to 6738) and religating the vector. This vector, called pNL-NsiI, was digested with Asp718, then treated with T4 DNA polymerase and dNTPs to fill in the overhangs, and religated, generating the vector pNL-NsiI⌬Asp718#4. pNLNsiI⌬Asp718#4 was digested with BamHI and NcoI. The fragment containing the filled-in Asp718 site (position 9006) was ligated to pNL pNL4-3⌬Asp718#3 digested with BamHI and NcoI. This generated the vector pNL⌬Asp718#3,4. A unique SmaI site was introduced into the pol coding region at the 14th amino acid of RT. A PCR primer 5Ј of the ApaI site at position 2005 and a PCR primer that generates the SmaI site in RT were used to amplify pNL4-3HSAR Ϫ E Ϫ . The PCR product was digested with ApaI and SmaI, and the fragment was cloned into PKSϩ⌬Asp718 digested with ApaI and SmaI. Next, the Asp718 site at position 4154 was changed to an NgoMIV site by using a PCR primer that anneals to the 5Ј end of the RT coding region, a downstream PCR primer that changes the Asp718 site at 4154 to an NgoMIV site, and a previously described RT expression plasmid as the PCR template (3). pNL4-3HSAR Ϫ E Ϫ was used as a PCR template with a primer that changes the Asp718 site at 4154 to an NgoMIV site plus a primer that lies downstream of the SalI site. These fragments were cloned as a SmaI-to-NgoMIV fragment and an NgoMIV-to-SalI fragment into pKS containing the ApaI-to-SmaI fragment as a three-way ligation. Next, the ApaI-to-SalI fragments were moved into pNL⌬3,4 digested with ApaI and SalI, creating the final vector, pNLNgoMIVR Ϫ E Ϫ .HSA. The plasmid encoding the vector with the D110E mutation in RT that inactivates polymerase was created by digesting a previously described RT expression plasmid containing the D110E mutation (3) with SmaI and Asp718, gel eluting the 1.3-kb fragment, and ligating the fragment into pNLNgoMIVR Ϫ E Ϫ .HSA digested with SmaI and Asp718 by using standard cloning procedures.
The E478Q and D443A mutations in RT were created by subcloning the Asp718-to-SalI fragment of pNLNgoMIVR Ϫ E Ϫ .HSA into pKSϩ and using a QuickChange site-directed mutagenesis kit (Stratagene) to introduce the desired mutations into the RNase H coding region. DNA sequence analysis was performed to ensure that the clones contained only the desired mutation, and then the mutated sequences were cloned into pNLNgoMIVR Ϫ E Ϫ .HSA as an Asp718-to-SalI fragment.
Cells, transfection, and infection. The human embryonal kidney cell line 293 was obtained from American Type Culture Collection. The human osteosarcoma cell line HOS was obtained from Richard Schwartz (Michigan State University, Lansing). 293 and HOS cells were maintained in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 5% fetal bovine serum, 5% newborn calf serum, and penicillin (50 U/ml) plus streptomycin (50 g/ml) (Quality Biological).
Transfection, infection, and phenotyping protocol. 293 cells were transfected with 2 g of pNLNgoMIVR Ϫ E Ϫ .HSA and 2 g of pHCMV-g (obtained from Jane Burns, University of California, San Diego) by the calcium phosphate method. 293 cells were plated in 100-mm-diameter dishes at a density of 1.8 ϫ 10 6 cells per plate on the day prior to transfection such that they would be approximately 30% confluent on the day of transfection The precipitate was added to 293 cells dropwise. Eight hours after transfection, the cells were washed once with 8 ml of Dulbecco's phosphate-buffered saline (PBS; Gibco BRL/Life Technologies), and fresh medium was added. The medium was changed again 24 h after transfection. The 48-h supernatants were harvested, clarified by low-speed centrifugation, filtered through a Millex-GS 0.22-m-pore-size filter (Millipore), and used to infected HOS cells. The amount of p24 in the samples was determined using an HIV-1 p24 antigen capture assay kit to control for the amounts of virus in the samples (AIDS Vaccine Program, SAIC, Frederick, Md.). The virus was allowed to adsorb to the cells for 6 h, and then fresh medium was added. Forty-eight hours after infection, the cells were harvested from the plate by treating with 1.5 ml of EDTA (Gibco BRL/Life Technologies), an additional 2.5 ml of PBS was added; then the cells were collected by centrifugation, washed, resuspended in 200 l of PBS, labeled with phycoerythrin-conjugated rat antimouse CD24 monoclonal antibody (PharMingen) by using standard procedures, fixed with glutaraldehyde, and subjected to fluorescence-activated cell sorting (FACS) to determine virus titer.
Transfections, infections, and nucleic acid extraction for analysis of DNA synthesis using real-time PCR. 293 cells were transfected with 5 g of pNLNgoMIVR Ϫ E Ϫ .HSA and 3 g of pHCMV-g by the calcium phosphate method. The transfections for the real-time PCR experiments were performed with 5 g of plasmid to maximize the amount of virus in the supernatant and obtain acceptable levels of residual plasmid carryover. After 7 h, the cells were rinsed two times with 8 ml of PBS, and fresh medium was added. The plates were inspected for the presence of precipitate by using a light microscope. Twenty hours after transfection, the cells were washed with 8 ml of PBS, and fresh medium was added. Thirty hours after transfection, the medium was changed again. Forty-eight hours after transfection, the plates were inspected with a light microscope to ensure that the precipitate had been removed. Virus-containing supernatants were harvested and clarified by centrifugation, and 5 ml of the virus-containing supernatant was filtered through a 0.22-m-pore-size filter; 4 ml of virus was used to infect HOS cells, plated the day prior to infection at 5 ϫ 10 5 cells per 60-mm-diameter plate. The virus was allowed to adsorb to the cells for 4 h, the cells were washed three times with 4 ml of PBS, and fresh medium was added. Twenty hours after infection, the total DNA was isolated from the cells by the Blood DNA kit protocol (Qiagen) and eluted with 200 l of elution buffer.
Determination of DNA copy number by real-time PCR. Real-time PCR can be used to measure the amount of a specific nucleic acid present in a solution. The technique has been described in the literature (23, 35, 36) ; only a brief description is given here. Real-time PCR monitors the amplification of a specific PCR product during each amplification cycle. Taqman technology uses a nucleic acid probe that contains a fluorescent group and a quencher. This probe is degraded by the exonucleolytic activity of Taq polymerase if it is part of a DNA duplex; degradation separates the fluorescent group from the quencher, increasing the fluorescence in the PCR sample. The fluorescence is monitored during each PCR cycle. When the amount of fluorescence in the sample reaches a certain assigned level, the PCR cycle number needed to achieve this threshold is recorded. By comparing the threshold cycle in a sample to those of standards containing known amounts of the target sequence, the number of copies of the sequence in the sample is determined. Real-time PCR was performed with an ABI7700 apparatus (Applied Biosystems) in a final volume of 50 l. The PCR mix contained 2ϫ Universal PCR Master Mix (Applied Biosystems) (25 l), 10 l of nucleic acid sample, and 5 l of primers, probe, and water. The PCR primers and Taqman probes were present at a final concentration of 200 nM. The unknown samples were compared to duplicate samples containing 10 7 to 10 2 copies of plasmid DNA. The cycling conditions were 2 min at 50°C and 10 min at 95°C, then 40 cycles of 95°C for 15 s and 60°C for 1 min. The Taqman primer sets used to monitor different stages of reverse transcription are given in Table 1 .
The HIV-1 2-LTR circle junction was cloned into the pKS plasmid as an Asp718-to-Sal fragment by PCR amplification from the 2-LTR circles, using total DNA extracted from infected HOS cells as the template for the reaction. Serial dilutions of this plasmid were used as a standard to determine the copy number of 2-LTR circles in the samples as described for the determination of other DNA copy numbers. The Taqman set used to monitor the presence of 2-LTR circles in the samples is given in Table 1 .
RESULTS
Vectors and replication assay. The pNLNgoMIVR
.HSA vectors (Fig. 1A ) are based on previously described vectors derived from the NL4-3 isolate of HIV-1 (7, 22) . In the experiments described here, the portion of RT located between amino acids 14 and 427 of RT was derived from the BH10 isolate of HIV-1. The env and vpr genes and are inactivated in the vectors (7, 22) ; this limits the vectors to a single cycle of replication. Cotransfecting 293 cells (Fig. 1B) with vector DNA and the plasmid, pHCMV-g, that expresses the vesicular stomatitis virus G envelope glycoprotein produced infectious virions (1, 69) . Forty-eight-hour supernatants were harvested and used to infect HOS cells. The murine heat-stable antigen gene (hsa) (64) is expressed from the nef reading frame of the vector. Infected cells were identified and enumerated by being labeled with anti-HSA and subjected to FACS. Viral titers were determined 48 h after infection.
Phenotypic mixing experiments. To determine if there is an excess of polymerase or RNase H activity in HIV-1 virions, we performed phenotypic mixing experiments in which virions were produced that contain different amounts of catalytically active and inactive RT. 293 cells were cotransfected with different proportions of plasmids encoding the wild-type vector (pNLNgoMIVR Ϫ E Ϫ .HSA) and vectors that contained mutations that inactivate polymerase (D110E) or RNase H (D443A or E478Q). The relative amount of active RT was inferred from the mixture of plasmids used to generate the virus.
293 cells were cotransfected with mixtures of plasmids encoding vectors containing wild-type RT and the D110E mutation to produce virions containing 100% or approximately 50, 25, 10, or 0% of the polymerase activity present in wild-type virions. The effect of decreasing the percentage of RT having polymerase activity on relative virus titer is shown in the Fig.  2A . When 50% of the plasmids encoded wild-type RT and the other 50% encoded the D110E mutant, the relative infectivity of the virus stock was 42%. When the percentage of plasmids encoding wild-type RT was decreased to 25%, the relative infectivity was only 3% of the wild-type level. When less than 25% of the plasmid encoded wild-type RT, there was no measurable infection of HOS cells.
To measure the amount of excess RNase H activity in virions, we prepared phenotypically mixed virions that contained 100, 50, 25, 10, and 0% of the RNase H activity of wild-type virions. These virions were prepared by cotransfecting 293 cells with plasmid encoding the wild-type vector and a vector encoding the E478Q mutation in RT. The effect of decreasing the amount of RNase H activity on virus replication was not as dramatic as the effect of decreasing the polymerase activity (Fig. 2B) . When virions contained 50 or 25% of the wild-type level of RNase H, the specific infectivity was 70 or 42%, respectively, of that of the wild-type vector. When the amount of RNase H activity was decreased to 10%, a greater effect was seen; the relative infectivity was still 8% of the wild-type level.
When all RT in the virions had the E478Q mutation, there was no measurable infection.
When the D443A mutation was used to inactivate the RNase H activity, the results were similar to the results of the E478Q mixing experiments, although the virions seemed to tolerate low levels of the D443A mutation better than low levels of the E478Q mutation. When 50% of the RT contained the D443A mutation there was no measurable effect on infectivity. When the percentage of RT containing the D443A mutation was increased to 75 or 90% the relative infectivity was about 45 or 35%, respectively, of the wild-type level. When the virion contained only RT carrying the D443A mutation, no infected HOS cells were found.
Monitoring reverse transcription in vivo using real-time PCR. Real-time PCR can be used to determine the copy number of specific nucleic acids. The strategy used to monitor Ϫ E Ϫ .HSA vectors and pHCMV-g to generate virus stocks. Forty-eight hours after transfection, virus-containing supernatants were used to infect the HOS cell line. Forty-eight hours following infection, the HOS cells were labeled with antibody against the HSA. The cells were then fixed with formaldehyde and subjected to FACS to determine the virus titer. ELISA, enzyme-linked immunosorbent assay. specific steps of reverse transcription is shown in Fig. 3 . As shown in Fig. 3A , minus-strand DNA synthesis is initiated from a tRNA primer bound to the RNA genome at the primer binding site. When the U5 and R regions of the viral RNA are copied into DNA, the resulting product is called minus-strand strong-stop DNA (ϪsssDNA). The synthesis of ϪsssDNA can be measured using a set of PCR primers and a Taqman probe that anneals to the R and U5 regions of the DNA (Table 1) . Once ϪsssDNA is synthesized, it is transferred to the 3Ј end of the RNA in a process called first strand (or minus-strand) transfer. Since the U3 region of the RNA is copied into DNA immediately after the strand transfer step, measuring viral DNA specific for U3 and comparing it to the amount of ϪsssDNA monitors first-strand transfer. RT then copies the viral structural genes; comparison of the amounts of DNA specific for structural genes such as env, pol, and gag can be used to monitor the progress of minus-strand synthesis. Plusstrand DNA transfer can be measured if the PCR amplicon spans the primer binding site. Plus-strand elongation and completion of reverse transcription cannot be monitored directly because PCR-based methods do not readily distinguish complementary DNA sequences. However, monitoring the formation of the 2-LTR circles, which arise from the ligation of the ends of the full-length linear viral DNA, can be used as a surrogate for the completion of reverse transcription. Viral DNA and locations of the Taqman primer sets used to monitor individual steps in reverse transcription are depicted in the Fig. 3B .
Limiting polymerase activity affects DNA synthesis. Phenotypically mixed virions were generated by cotransfecting 293 cells with different proportions of plasmids carrying a vector encoding wild-type RT and vector encoding the D110E mutation in RT. The 48-h supernatants were harvested, clarified by centrifugation, filtered, and used to infect HOS cells for 4 h (see Materials and Methods for details). The HOS cells were washed three times with 4 ml of PBS and then maintained in medium for 20 h. Total DNA was extracted from the infected cells, and the synthesis of viral DNA was analyzed by real-time PCR.
In samples of virus that contain only RT carrying the D110E mutation, 2-LTR circles were not detected, and 1.0 ϫ 10 2 copies of RU5 and U3 were detected. We also detected 2.1 ϫ 10 2 copies of gag and 8.0 ϫ 10 1 copies of strand transfer products, which we believe represents residual plasmid carried over from the transfection. Samples derived entirely from wildtype vector contained 2.4 ϫ 10 6 copies of DNA corresponding to the RU5 region of HIV-1 ( Table 2 ). Since 4 orders of magnitude more products were detected in cells infected with vectors carrying wild-type RT, this small amount of plasmid carryover is not critical to the experiments. There were 7.9 ϫ 10 5 copies of U3, indicating that about 30% of the ϪsssDNA undergoes minus-strand DNA transfer; the detection of 6.9 ϫ 10 5 copies of gag indicated that minus-strand DNA synthesis was also quite efficient. The presence of 2.0 ϫ 10 5 copies of the product spanning the primer binding site indicated that plusstrand transfer occurred approximately 10% of the time ϪsssDNA was made. There was approximately 0.2% the amount of the 2-LTR circles as for RU5 (5.5 ϫ 10 3 versus 2.4 ϫ 10 6 ). When the amount of RT containing polymerase activity was decreased, the profile of DNA synthesis changed. There were significant decreases in the synthesis of ϪsssDNA in samples containing 20 and 10% polymerase compared to the wild type (2.9 ϫ 10 4 and 1.3 ϫ 10 4 copies versus 2.4 ϫ 10 6 copies). Minus-strand DNA transfer and synthesis through the gag gene were relatively efficient in the samples containing 10 and 20% active RT. However, the percentage of DNA undergoing plusstrand DNA transfer decreased relative to virions containing only wild-type RT; no 2-LTR circles were detected. These results are consistent with the results of the biological assay that indicated that retroviral replication is severely impaired when the percentage of polymerase activity is less than 25% of the wild-type level. These results do not support the suggestion that the low processivity of HIV-1 RT plays a role in the requirement for a large number of active RTs in a virion but suggest instead that it is the initiation of minus-strand synthesis and some step or steps in plus-strand synthesis that are limiting (see Discussion).
Effects of limiting RNase H levels on DNA synthesis. When the virions contained only RT carrying the E478Q mutation, 1.6 ϫ 10 4 copies of ϪsssDNA were produced (Table 3) . Approximately 2 ϫ 10 2 copies of U3, gag, and strand transfer products were detected. As has already been discussed, approximately 10 2 copies presumably represent residual plasmid DNA from the transfection of the 293 cells. No 2-LTR circles were detected. This result suggests that there is a defect in the initiation of viral DNA synthesis as well as a block to firststrand transfer.
When virions containing only 10 or 5% of the wild-type level of RNase H activity were used to infect HOS cells, DNA synthesis was moderately affected. Initiation of reverse transcription was reduced by approximately 90% (4.5 ϫ 10 5 and 1.1 ϫ 10 5 copies, for 10 and 5% activity respectively, versus 2.4 ϫ 10 6 for the wild type). About 30% of the ϪsssDNAs were able to complete minus-strand transfer. DNA synthesis through the structural genes was relatively efficient for those samples that completed strand transfer. In samples with limiting RNase H activity, plus-strand DNA transfer occurred about 5% of the time ϪsssDNA was synthesized. Circle junctions were detected at about 0.05% of the level of ϪsssDNA when 10 or 5% RNase H activity was present.
Virions containing defective RTs carrying the D110E mutation to inactivate polymerase and D443A or E478Q to inactivate RNase H infect cells inefficiently. To determine if virions containing the polymerase and RNase H activities on separate RTs can undergo reverse transcription and infect cells, we performed phenotypic mixing experiments in which approximately half of the RTs in the virion possess the D110E mutation and half possess either the E478Q or D443A mutation. The resulting virions are solely dependent on the RTs containing the D110E mutation for RNase H activity and on the RTs containing either E478Q or D443A for polymerase activity.
293 cells were cotransfected with a mixture of plasmids encoding wild-type RT or a 50-50 mixture of plasmids encoding the D110E mutation to inactivate the polymerase activity of RT and plasmid encoding either the E478Q or D443A mutation to inactivate RNase H activity of RT. Results for the viruses containing the two RT activities on separate RT molecules are shown in Fig. 4 . The infection of HOS cells was reduced to approximately 5 or 8%, respectively, for viruses containing the D443A-D110E mixture of RTs or the E478Q- D110E mixture of RTs compared to virions containing wildtype RT. This result indicates that the two defective RTs complement inefficiently. A similar result has been reported for MLV (60) .
DISCUSSION
Phenotypically mixed HIV-1 vectors that undergo only a single cycle of replication were used to measure the amount of excess polymerase and RNase H activity in virions. When the D11OE mutation was used to reduce the amount of active RT in the virion 50%, infectivity was 42% of the wild-type level. While this still allows a substantial amount of viral replication, it would be expected to cause a reduction in viral fitness, and we would expect viruses whose RTs had approximately half the normal level of polymerase to be selected against during passage relative to the wild-type virus. Replication was severely impaired when less than 25% of the RT in the virions contained active polymerase. When the D443A mutation was used to inactivate RNase H by 90%, the virions retained 35% of their infectivity. The analysis of mixed virions sets the stage for the analysis of the replication of vectors encoding different RT mutants whose biochemical properties have been previously characterized in vitro. The characterization of reverse transcription in a phenotypically mixed virion containing 25% wildtype RT and 75% inactive RT establishes a baseline for the comparison of different RT mutants that contain approximately 25% of a given RT activity (polymerase or RNase H) in in vitro assays.
The ability to monitor reverse transcription accurately by measuring specific DNA intermediates allows us to determine where reverse transcription fails for virions containing limiting amounts of polymerase or RNase H activity. Determining where reverse transcription fails defines the limiting activity (or activities) for a mixed virion or a particular RT mutant.
In the phenotypically mixed virions, a substantial decrease in virus infectivity was observed when the virions contained 25% or less catalytically active polymerase. Since the virions must package enough polymerase activity to ensure that that viral RNA genome is completely reverse transcribed, this result shows that multiple RTs are needed to complete reverse transcription. It has been estimated that virions contain approximately 50 copies of RT; this suggests more than 12 RTs are needed to efficiently complete viral DNA synthesis. RT has a relatively low affinity for its template-primer, and DNA polymerization in vitro results in the synthesis of relatively short segments of DNA. These properties of RT could contribute to the requirement for multiple RTs to convert the RNA into double-stranded DNA. When the polymerase activity of RT mutants was measured in vitro, the lowest amount of polymerase activity for a mutant RT (G190E) found in HIV-1-infected patients was about 20% the wild-type level [using poly(rC)-oligo(dG) as the substrate] (5). This is similar to the amount of active polymerase in the phenotypically mixed virions that were still able to infect cells in this study. The G190E mutant also had reduced processivity compared to wild-type RT (5). The fact that this mutant displayed poor processivity and decreased polymerase activity but can be selected in HIV-1-infected individuals supports the notion that there is excess polymerase activity in the virion and that multiple RTs are involved in reverse transcription. The dramatic reduction in the amount of ϪsssDNA synthesized when the amount of active polymerase was systematically reduced in the virions indicates a failure at the level of initiation. Although the virions with limited polymerase activity still contained enough polymerase activity to extend most of the minus-strand DNAs that were initiated, there was little, if any, plus-strand transfer and no 2-LTR circles were found, suggesting a problem with plus-strand DNA synthesis. Taken together, these data suggest that when the amount of active RT is limiting, the critical stages are the initiation of minus-strand DNA synthesis and the synthesis of plus-strand DNA. Processivity, at least in terms of the synthesis of minus-strand DNA, does not appear to be limiting. This is a somewhat surprising result; it suggests that the processivity of minus-strand DNA synthesis may be better in vivo than in vitro. The failure at the plus-strand transfer step implies failure at some step in plusstrand synthesis. Because the initiation of minus-strand DNA synthesis appears to be a limiting step in viral DNA synthesis, it is tempting to speculate that the initiation of plus-strand DNA synthesis is also a limiting step. However, PCR-based technology does not readily distinguish between plus-strand and minus-strand DNA, and we cannot, with the data now available, determine what step in plus-strand DNA synthesis and/or plus-strand transfer is limiting. The replication of phenotypically mixed virions containing reduced amounts of RNase H activity indicated that there is a greater excess of RNase H activity in virions than there is of polymerase activity. Viruses containing relatively small amounts of the RT with the D443A mutation replicated better than viruses containing the equivalent amount of the RT with the E478Q mutation. Virions that contain RT with the E478Q mutation are defective in the initiation of viral DNA synthesis; it is possible that the effect of the E478Q mutation on polymerization contributes to the replication defect. This excess of RNase H activity in HIV-1 virions does not cause premature degradation of the RNA template or result in premature cleavage of the ppt. We would estimate, based on the data obtained with the D443A mutant, as few as five RTs produce sufficient RNase H cleavage for HIV-1 replication. In support of the estimate that there is approximately a 10-fold excess of RNase H activity in HIV-1 virions, HIV-2 RT has only about 10% the RNase H activity of HIV-1 RT when the specific activities of the two enzymes are compared in vitro (50) . The fact that there is a large excess of RNase H activity in HIV-1 virions suggests that the specificity of RNase H cleavage is tightly controlled. Cleavage of the RNA by RNase H must be precise in order to create the proper ends of the linear viral DNA that serves as the substrate for integration into the host genome. We have suggested that this specificity is based not on nucleic acid sequence but on the structure of the nucleic acid in the context of the enzyme (4, 17, 48) . The polymerase domain has a substantial role in binding the nucleic acid. The observation that mutations in the polymerase domain of RT affect the specificity of cleavage of the RNA template indicates that the proper positioning of nucleic acid within RT is important for specific RNase H cleavage (4, 17, 42) . It would appear that the control of cleavage specificity is sufficient to allow the virion to contain a considerable excess of RNase H activity.
Virions that contained significantly reduced levels of RNase H activity were deficient in minus-strand transfer. This observation is expected based on the requirement for RNase H cleavage for the minus-strand transfer reaction (16, 56, 59 ). However, we also found that virions containing the E478Q mutation did not efficiently synthesize ϪsssDNA. The D443N mutation was reported to have minimal effects on polymerase activity when homopolymeric templates were used as substrates (39); however, when heteropolymeric templates were used, this RNase H mutant appeared to interfere with DNA synthesis (12, 40 ). There are MLV RNase H mutants that have similar properties (2, 20, 57, 60) . The E478Q mutation has been reported to interfere with DNA synthesis in vitro; however, initiation was not affected (26) . If the RNase H mutations caused a reduction in processivity in vivo, we would have seen greater effects on the synthesis of minus-strand DNA. Severely limiting the RNase H activity appears to have a minimal effect on the late stages of viral DNA synthesis. The ratio of the gag DNA to the plus-strand transfer product and the ratio of the circle junction to either the gag DNA or the plus-strand transfer product are approximately the same in the virions that contain 100% wild-type RT and those that contain 5% wildtype RT, despite the fact that infectivity is reduced. The two steps that appear to be most affected are ϪsssDNA synthesis and first-strand transfer.
There are two things that are surprising about the results. First, it seems unlikely that the RNase H mutations are affecting general DNA synthesis (processivity); the deficient virions extend minus-strand DNA from U3 through gag reasonably efficiently. The problem seems to be specific for initiation of DNA synthesis, a step that appears to be limiting when the polymerase activity is reduced. This suggests that the initiation of minus-strand DNA synthesis is quite difficult in vivo and is sensitive to alterations in the levels of both polymerase and RNase H activity. Second, it appears that the first-strand transfer reaction is more sensitive to limiting RNase H activity than is the generation or removal of the plus-strand (ppt) primer. The data also suggest that removal of the tRNA primer is not limiting in vivo. Although it might seem at first that the steps of viral DNA synthesis at which RNase H must act with considerable precision (generation and removal of the plus-strand primer and removal of the minus-strand primers) would be the steps that would be most sensitive if the level of RNase H was limiting, this does not appear to be the case. One possible FIG. 4 . RTs with inactive polymerase and inactive RNase H complement inefficiently. In control experiments, 293 cells were transfected with plasmids containing vectors encoding wild-type RT or the E478Q or D443A mutant. In parallel, cells were cotransfected with equal proportions of plasmids carrying the D110E mutant and the E478Q mutant or the D110E mutant and the D443A mutant. This generated virions containing only wild-type RT, only the two RNase H mutations, or equal mixtures of RTs defective in polymerase and RNase H. The RT composition of the virions is shown on the x axis, and the relative infectivity is shown on the y axis. explanation is that the minus-strand transfer step, which is sensitive to limiting the level of RNase H activity, is actually a carefully regulated process. Because the end of the HIV-1 genome is a hairpin (transactivation response region), ϪsssDNA hairpin formation can be seen in vitro; hairpin formation does not appear to occur in vivo. The available data suggest that RNase H cleavage is carefully controlled. In the presence of nucleocapsid, a specific RNA segment from the 5Ј end of the genome blocks hairpin formation and promotes strand transfer (11, 14) . It would appear that the requirements are equally specific in vivo, which would explain why strand transfer is sensitive to limiting amounts of RNase H activity.
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